Introduction {#S1}
============

Reproductive isolation is fundamental to maintain the integrity of diverged evolutionary lineages of plants. In sympatry, sequential mechanisms operate to restrict gene flow and, hence, limit hybrid formation. Post-zygotic barriers thereby decrease the reproductive potential of populations via abortion or reduced viability of the progeny due to genic or genomic incompatibilities ([@R24]; [@R62]). In contrast, pre-zygotic barriers act against the formation of a hybrid zygote. They include spatial and microhabitat differentiation ([@R38]; [@R78]), temporal isolation via asynchronous flowering time ([@R70]; [@R51]; [@R10]), differential flower architecture ([@R28]; [@R45]) leading to assortative pollinator behaviour ([@R40]; [@R56]), and pollen precedence ([@R37]). These reproductive barriers act in concert to establish and strengthen genetic boundaries.

Pollen precedence is defined as differential fertilization success of pollen from different species upon their simultaneous deposition on a recipient's stigma(s) ([@R37]). Reduced germination of pollen on the stigma and/or slower pollen tube growth of foreign compared to conspecific pollen limit or avoid hybridization despite cross-pollination ([@R16]; [@R17]). Conspecific pollen precedence thus has been identified as an important component of reproductive isolation in closely related species ([@R3]; [@R74]; [@R12]; [@R1]; [@R53]; [@R15]). However, competitive interactions among pollen might also occur at the intraspecific level like in systems exhibiting cytological differentiation by ploidy. Whole-genome duplication events, or polyploidization, occur either due to genome duplication within a species (autopolyploid) or hybridization of two species (allopolyploid). Intraspecific pollen precedence was indeed demonstrated for species showing differentiation by ploidy as di- and tetraploid individuals of *Chamerion angustifolium* (L.) Holub ([@R41]) and *Ranunculus adoneus* A.Gray ([@R5]). Polyploidization is considered as a common driver of lineage divergence, deducible as ancient events preceding angiosperm radiation, and in more recent time scales, from increased diversification rates in periods of environmental instability ([@R79]; [@R27]; [@R67]; [@R18]; [@R77]; [@R7]; [@R76]; [@R52]). However, maintenance and divergence of novel ploidy differentiated lineages depends on their reproductive isolation ([@R46]).

In the absence of complete prezygotic reproductive isolation, difference in ploidy among mating partners typically leads to a disturbed development or even the abortion of the progeny ([@R55]; [@R47]). This is because heteroploid fertilizations cause loss of zygotes or later ontological stages ([@R20]; [@R14]; [@R32]) and can constrain the maintenance or co-occurrence of cytotypes through the minority cytotype exclusion principle ([@R54]). A specific situation arises in sexual-apomictic systems in which ploidy differentiation is usually accompanied by a differentiated reproductive mode. Typically, diploid (or low-ploidy) cytotypes are sexual while higher-ploidy individuals are apomictic ([@R8]; [@R34]; [@R19]). In contrast to the sexuals, the embryos of apomicts develop autonomously without fertilization ([@R65]; [@R4]; [@R35]), effectively counteracting loss of zygotes. This asexual embryo development in apomictic individuals may lead to asymmetric reproductive interference in mixed-cytotype populations (e.g., [@R32]; [@R23]) because by expectation, only sexual individuals suffer from reduced fitness of progeny through heteroploid fertilizations. Furthermore, apomixis might introgress as a heritable trait ([@R68]), and reproductively transform sexuals ([@R42], [@R43]).

In this study, we investigated the role of pollen precedence as a barrier against fertilization of sexuals by apomictic ploidy cytotypes in *Potentilla puberula* (Rosaceae). We applied homo- and heteroploid pollen as well as a pollen mixture containing both types of pollen (mixed-ploidy pollination) onto the stigmas of emasculated flowers of sexuals in a controlled ex situ crossing experiment. Furthermore, we estimated and quantified, based on the ploidy of embryos, the paternity of seeds derived from the mixed-ploidy pollinations using flow cytometric seed screen (FCSS). By this approach, we verified the following expectations: (1) Heteroploid pollinations cause a reduction in seed yield compared to homoploid pollinations; and, if so, (2) homoploid pollen precedence is a means to avoid or reduce such losses of progeny in mixed-ploidy pollinations.

Materials and Methods {#S2}
=====================

The study species {#S3}
-----------------

The rosaceous species *Potentilla puberula* Krašan (= *Potentilla pusilla* Host; [@R75]) is a perennial herb distributed in the European Alps and the Carpathians ([@R49]). The yellow pentamerous insect-pollinated flowers are polyandrous and present more than one ovule -- on average 28 ± 9.7 ovules (N = 251 individuals) -- with each of the ovaries giving rise to a one-seeded fruitlet (for convenience, we consistently use the term seed when referring to both, fruitlets and isolated seeds as used in the FCSS). The species exhibits a series of ploidy levels comprising tetra- (*x* = 7; 2*n* = 28), penta- (2*n* = 35), hexa- (2*n* = 42), hepta- (2*n* = 49), octo- (2*n* = 56), and occasionally nonaploids (2*n* = 63) ([@R21]). Tetraploid individuals are almost exclusively sexual and self-incompatible, whereas higher polyploids are self-compatible and predominantly apomictic. Apomixis is gametophytic and pseudogamous; i.e., fertilization is still required for endosperm development and successful seed formation ([@R22], [@R23]). Reproductive modes are ecologically and biogeographically differentiated ([@R63]): tetraploids preferentially inhabit pristine sites in areas that likely served as a glacial refugium ([@R82]), while higher ploids prefer secondary habitats and higher elevations in formerly glaciated areas. However, intermixture at the population level occurs regularly (in 60 out of 269 sites tetraploids co-occurred with higher ploids in a screen within an area approximately congruent to the study area. as described in the following ([@R39]; [@R63]).

Study area and plant material {#S4}
-----------------------------

The study is based on plants collected during spring 2016 from five regions spanning an elevational and biogeographic gradient, which largely covers the ecological range realized by the species. Within each region, sexual and apomictic individuals grow at similar frequencies. Three of the five studied regions were inhabited by tetra- and pentaploid individuals: Zabernig (47°00′16.812″ N / 12°31′09.119″ E, at 1340 m a.s.l.) and Obersteiner (47°01′04.33″ N / 12°24′31.39″ E, at 1460 m a.s.l.), both located in East Tyrol, Austria, and Bodenalm (46°55′23.124″ N / 11°41′53.195″ E, at 1700 m a.s.l.) in South Tyrol, Italy. Each of the two remaining regions of the study comprise in turn two similar and spatially close sites: with tetraploids in the first site, and both penta- and heptaploids in the second site. This way, Raas with tetraploids (46°44′49.49″ N / 11°39′12.60″ E, at 750 m a.s.l.) was combined with penta- and heptaploids from Fortezza (46°46′35.58″ N / 11°37′47.46″ E, at 730 m a.s.l.), in South Tyrol, Italy, whereas Ossenigo with tetraploids (45°40′27.95″ N / 10°54′34.16″ E, at 250 m a.s.l.) was combined with Scaiola penta- and heptaploid individuals (45°32′03.26″ N / 10°21′50.43″ E, at 200 m a.s.l.), Trentino/Lombardia, Italy.

Homoploid, heteroploid and mixed-ploidy crossing experiment {#S5}
-----------------------------------------------------------

A controlled ex situ crossing experiment was carried out from April to June 2017 in the experimental garden of the Austrian Research Centre for Forests (<https://bfw.ac.at/>), located in the grounds of the Schönbrunn Palace Park in Vienna (48°10′36″ N / 16°18′34″ E at 259 m a.s.l.). Plants were grown from cuttings collected in the field in 2016, in 14 cm pots. Out of the plants, we randomly selected from each of the five regions 12 individuals as pollen recipients and 190 plants as pollen donors. More specifically, sexual and apomictic pollen donors were used per each region, respectively, as follows: Zabernig 8/11; Obersteiner 16/13; Ossenigo/Scaiola 14/43; Raas/Fortezza 16/39 and Bodenalm 18/12, in the homoploid and the heteroploid treatment, respectively. Plants were planted in plots spaced in minimum 10 meters from each other. Prior to pollination, flowers were carefully emasculated to prevent self-fertilization and bagged using bridal veil, as this material has the least effect on the microclimate of the bagged flowers ([@R85]). At stigma maturity, flowers were pollinated by gently rubbing the anthers of pollen donors over the pollen recipients' stigmas. Four treatments were applied: (i) Homoploid pollinations among sexuals: each of three flowers per individual was pollinated with pollen from one randomly selected donor of the same (tetraploid) ploidy; (ii) Heteroploid pollinations of sexuals by apomicts: three flowers (but six at sampling sites harboring not only pentaploid but also heptaploids) were treated with pollen of a heteroploid donor; and (iii) Mixed-ploidy pollinations: six flowers per recipient (but twelve at sampling sites including penta- and heptaploids) were pollinated with both, pollen from one sexual and one apomictic donor. In the latter case, we applied the pollen by rubbing the anthers of both donors over the recipients' stigmas. Application of about equal amounts of pollen from both pollen donors was secured by visual inspection of stigmas using a binocular. To avoid bias due to the order of pollination, we alternated sexual versus apomictic pollen donors when starting a pollination ([Electr. Suppl.: Table S1](#SD1){ref-type="supplementary-material"}). In addition, (iv) two flowers per pollen recipient served as open control. At maturity, reproductive success was determined as the number of obtained viable seeds (i.e., filled with a fleshy embryo). We used seed yield as a measure of reproductive success, since no relationship between number of ovules and number of mature seeds was found in previous crossing experiment in *P. puberula* ([@R23]). The estimation of the number of ovules (required for defining the seed set) is destructive in our model system ([@R23]). Thus, by using seed yield, we maximized the number of flowers available for pollination. Moreover, effects of the variation in the number of ovules among individuals were removed by performing all treatments on every pollen recipient. Furthermore, seed yield has been used in other crossing experiments (e.g., [@R9]; [@R80]), including *Potentilla* ([@R83]).

Data derived from crosses with penta- and heptaploid pollen donors were pooled for each treatment, since penta- and heptaploid individuals did not show differences in their behaviour among treatments and considered in the following together as apomicts ([Electr. Suppl.: Table S2](#SD1){ref-type="supplementary-material"}).

To compare the number of seeds (i.e., seed yield) among treatments, Poisson Generalized Linear Mixed Models (GLMMs), as implemented in the package glmmTMB v.0.2.0 ([@R57]) of the R statistical environment ([@R72]), were applied. These models comprise a conditional and a zero-inflated model component ([@R13]). Treatment was used as the fixed-effects predictor in the conditional model component, and random intercepts for each maternal and paternal individual, both nested in population, were included to account for potential differences in pollination success among individual pollen recipients and pollen donors. Because many flowers produced no viable seed (in all treatments, including the open control), we allowed for random intercepts in the zero-inflation component. We compared (i) the homo- against the heteroploid treatment to test for confounding effects of interploidy fertilization on seed yield, as well as (ii) the pooled data of these two against the mixed-ploidy treatment by using Helmert contrasts. This comparison was done in order to test for the existence of pollen precedence, i.e., if homo- and heteroploid pollen have an unequal probability to fertilize an ovule, resulting in a seed yield not intermediate to the mixed-ploidy treatment. (iii) We compared seed yield in the mixed-ploidy treatment (as the baseline) to that in the homoploid one, as well as to the heteroploid treatment in order to test whether, at least, partial recovery due to the pollen precedence from crosses with heteroploid pollen occurs. These comparisons among treatments were also applied separately to the data of each region to examine whether the detected pattern is idiosyncratic or generic.

To test whether pollen quality affected seed formation, the number of vital pollen grains (i.e., in the sense of stainable in a physiological vitality test) per flower was estimated for 157 pollen donors. Two anthers per individual were stained with a solution of Malachite green, acid fuchsin and Orange G for at least 12 hours ([@R69], vitality stain) and diluted in 50 μl of distilled water. A homogenized 2 μl aliquot was analyzed using the light microscope Axioskop 1 (Zeiss, Jena, Germany) and bright-field illumination at 400-fold magnification. Stained and regular-shaped (i.e., physiologically and morphologically intact) grains were considered as viable and counted ([Electr. Suppl.: Fig. S1](#SD1){ref-type="supplementary-material"}). The number of obtained pollen grains were compared among treatments using zero-inflated GLMMs as described above, but assuming pollen quality to be a Gaussian-distributed response variable.

Flow cytometry seed screen {#S6}
--------------------------

The ploidy of functional (successful in heteroploid crosses) male gametes of penta- and heptaploids was 1.6-times (ca. corresponding to triploidy) and 1.9-times (ca. tetraploid), respectively, higher than those of sexual tetraploids ([@R23]). Thus, embryos derived from heteroploid crosses (fertilization with pollen from penta- and heptaploid donor plants) are expected to have a higher ploidy than those obtained in homoploid crosses (tetraploid donors). To estimate the proportions of progeny sired by sexual (i.e., homoploid) and apomictic (i.e., heteroploid) pollen donors, we compared the embryo-to-standard fluorescence ratio of each seed derived from the mixed-ploidy crosses to the distribution of such ratios obtained from the following reference samples: Thirty-five seeds (sampled from 13 individuals) drawn from crosses with tetraploid pollen donors were used as a homoploid reference sample. As heteroploid reference samples, 37 seeds (from 17 individuals) and 30 seeds (from 7 individuals) obtained in crosses with pentaploid and heptaploid pollen donors were used, respectively. Seeds of the mixed-ploidy crosses with embryo-to-standard fluorescence ratios below the lower limit of the 95% confidence interval (i.e., the 2.5% confidence limit computed as arithmetic mean − 1.96 × standard deviation) of the distribution of embryo-to-standard fluorescence ratios obtained from (each of) the heteroploid reference sample, were regarded as emerged from a homoploid fertilization. Accordingly, embryo-to-standard fluorescence ratios above the upper limit of the 95% confidence interval (i.e., the 97.5% limit) of the homoploid reference sample identifies seeds originated by heteroploid fertilisation. Calculations were done separately for pentaploid and heptaploid pollen donors. Normality distribution of the values observed for the homo- and heteroploid references was tested with the Shapiro-Wilk test.

Then, from the mixed-ploidy treatment, 1001 randomly selected seeds were analysed using FCSS ([@R60]) from all the five studied regions. The two-steps protocol followed [@R25] and modifications by [@R22]. In brief, seeds were analysed using Otto I + II buffers ([@R66]), DAPI (4′-6-diamidino-2-phenylindole) as DNA-specific fluorescence stain and *Pisum sativum* 'Kleine Rheinländerin' as internal biological standard ([@R29]). First, fleshy seeds freed from the fruit wall/testa were chopped together with the internal standard in 200 μl Otto I extraction buffer using a razor blade in a petri dish, and 200 μl more were added before placing the sample on ice for 30 minutes. Subsequently, the petri dishes were ultrasonicated for 1 minute and then filtered through a 20 μm nylon mesh filter (Partec CellTrics, Partec Münster, Germany). Prior to the measurements, 1.2 ml Otto II containing 0.2 μg DAPI/ml was added to the samples. After five minutes, samples were measured with a Partec ML Ploidy Analyser. The embryo to standard fluorescence ratio was calculated from the means of the fluorescence histograms using FloMax (v.2.9, [@R71]).

Results {#S7}
=======

Crossing experiment {#S8}
-------------------

A total of 638 pollinations were carried out for the three treatments. At maturity, 1410 seeds (146 pollinations, mean ± SD 9.65 ± 8.77) were obtained for the homoploid treatment, 930 seeds (193 pollinations, 4.89 ± 5.94) for the heteroploid treatment and 2124 seeds (299 pollinations, 7.1 ± 7.26) for the mixed-ploidy treatment ([Table 1](#T1){ref-type="table"}). Pooled over the five regions, seed yield obtained in the homoploid treatment was significantly higher than in the heteroploid treatment ([Fig. 1](#F1){ref-type="fig"}; zero-inflated GLMM: coefficient ± SE: −0.33 ± 0.04, *z* = −7.83, *p* \< 0.001). The seed yield derived from the mixed-ploidy treatment was significantly lower (0.31 ± 0.08, *z* = 3.73, *p* \< 0.001) and higher (−0.35 ± 0.08, *z* = −4.34, *p* \< 0.001) than the homoploid and heteroploid treatment, respectively, but did not significantly differ from the pooled data of these two treatments (0.01 ± 0.02, z = 0.33, *p* = 0.781). These patterns of seed yield (homoploid \> mixed-ploidy \> heteroploid but mixed-ploidy = pooled homoploid + heteroploid) were confirmed for most of the five studied regions when tested separately ([Table 2](#T2){ref-type="table"}).

The mean number of vital pollen grains per sample ([Electr. Suppl.: Table S3](#SD1){ref-type="supplementary-material"}) was 522.30 ± 330.64 SD for the tetraploids (range 69 to 1415), 347.72 ± 209.37 for the pentaploids (64 to 892) and 234.25 ± 219.68 for the heptaploids (1 to 921). Pollen quality decreased in tendency with increasing ploidy: tetraploids 94.59 ± 7.15% (71.45%--100%), pentaploids 90.76 ± 9.56% (56.49%--100%) and heptaploids 86.24% ± 14.08% (35.37%--100%). Pollen quality differed among reproductive modes, but did not significantly affect the number of obtained seeds neither in the homoploid (zero-inflated GLMM: coefficient ± SE: 0.02 ± 0.13, *z* = 0.15, *p* = 0.878) nor in the heteroploid (0.04 ± 0.04, *z* = 1.12, *p* = 0.263) or the mixed-ploidy treatment (−0.04 ± 0.06, *z* = −0.67, *p* = 0.506).

Flow cytometric seed screen {#S9}
---------------------------

Good-quality fluorescence signals were obtained for 871 seeds out of the 1001 analysed from the mixed-ploidy treatment. More precisely, the number of screened seeds per region were 15, 183, 336, 134 and 203 from Zabernig, Obersteiner, Raas/Fortezza, Ossenigo/Scaiola and Bodenalm, respectively ([Electr. Suppl.: Table S4](#SD1){ref-type="supplementary-material"}). The number of embryo nuclei counted per sample and the coefficient of variation (CV) of the peaks ranged between 155 and 6367 (mean ± SD 1406 ± 821) and 3.32--8.22 (mean ± SD 5.22 ± 0.76), respectively. Examples of flow cytometric histograms are shown in [Fig. 2](#F2){ref-type="fig"} for homoploid, heteroploid and mixed-ploidy analysed embryos.

In the homoploid reference sample, we observed a single peak of embryo-to-standard fluorescence ratios ([Electr. Suppl.: Table S4](#SD1){ref-type="supplementary-material"}; mean 0.142 ± 0.0022 SD; normality of the distribution was confirmed by a Shapiro-Wilk-test: W = 0.957, *p* = 0.191). The 97.5% confidence limit used as a threshold against embryos of higher ploidy expected from heteroploid fertilizations was 0.146. However, in the heteroploid reference sample of pentaploids, embryo-to-standard fluorescence ratios were non-normally distributed (Shapiro-Wilk, W = 0.925, *p* = 0.032) and showed a tentatively bimodal distribution with 35.1% of the values forming the lower peak ([Electr. Suppl.: Table S4](#SD1){ref-type="supplementary-material"}; mean ± SD 0.145 ± 0.0033) and the remaining 64.9% constituting the upper peak (0.172 ± 0.0104). Only ploidies of the lower peak overlapped with the embryo ploidies determined for the homoploid reference. We therefore inferred the threshold against progeny of homoploid origin only from seeds belonging to the lower peak, which itself was normally distributed (Shapiro-Wilk, W = 0.976, *p*-value = 0.955). This limit was calculated as 0.138 ([Fig. 3](#F3){ref-type="fig"}).

Nevertheless, 75.7 % of the embryo-to-standard fluorescence ratios in the heteroploid pentaploid reference were higher than the homoploid threshold of 0.146. Sixty-eight out of 641 embryos (10.6%) measured for the mixed-ploidy pollinations, including pentaploids, were inferred to have experienced a change in ploidy in accordance with an heteroploid origin (i.e., had a ploidy higher than the homoploid reference), 130 (20.28%) were derived from homoploid fertilization (ploidies lower than the heteroploid reference), and 443 embryos (69.11%) fell within the range of overlap.

However, under the reasonable assumption that ploidy distribution of successful male gametes formed by the pentaploids was similar in both heteroploid and mixed-ploidy pollinations, the 68 before-mentioned seeds should represent 75.7 % of the total number of seeds of heteroploid origin, which we accordingly calculated to be 90 (N = 90), or 14.4% of the total seeds screened from the mixed-ploidy pollinations involving penta-ploids. We used this percentage as an approximation for the fertilization success of apomicts in the mixed-ploidy treatment.

For the heteroploid heptaploid reference, the 2.5% confidence limit was 0.173 (0.191 ± 0.009; Shapiro-Wilk, W = 0.938, *p* = 0.083), a value allowing for unambiguous inference of paternity of seeds. Twenty-three out of 230 embryos (10.0%) measured for mixed-ploidy pollinations including heptaploids showed ploidies from within the distribution of values observed for the heteroploid reference sample, i.e., were of heteroploid origin, and 207 embryos had values indicative of an homoploid origin (90.0%) ([Fig. 3](#F3){ref-type="fig"}).

Discussion {#S10}
==========

Our data indicate for the first time the existence of homo-ploid pollen precedence in *Potentilla puberula*. In line with [@R23], we found the seed yield in heteroploid crosses to be lower than in homoploid crosses, suggesting that heteroploid pollen negatively affects the reproductive success of sexual individuals. However, our current novel investigations with mixed-ploidy pollinations revealed that these losses of sexual progeny due to heteroploid fertilizations were partially restored when homo- and heteroploid pollen was simultaneously applied onto the recipient flower. Seed yield derived from mixed-ploidy fertilizations was intermediate to those obtained in the homo- and heteroploid crosses, but did not significantly differ from the average of these two treatments, suggesting a similar fertilization success of homo- and heteroploid pollen.

However, this equal performance contrasted with the high proportion of homoploid fertilizations (an estimated 85%--87 %) derived from seeds obtained in the mixed-ploidy crosses. These proportions are much higher than expected under a scenario of equal fertilization success of pollen from sexuals and apomicts after correcting for the differential seed yield observed in the homo- versus heteroploid crosses. Thus, under the hypothetical scenario that homo- and heteroploid pollen tubes fertilized egg cells in equal numbers, and the assumption that observed difference in seed yield among these single-pollen treatments is due to unsuccessful fertilizations (see [discussion](#S10){ref-type="sec"} below), homo- and heteroploid progeny would be expected to be 60% (1410 seeds obtained) and 40% (930 seeds). The seed yield was actually lower than these hypothetical values, which might be explained by mutual developmental inhibition of the two applied pollen types. Negative pollen-pollen interactions can arise at different developmental stages of the male gametophyte after pollination. For instance, pollen germination on *Clarkia unguiculata* Lindl stigmas was higher with both pure self and outcrossed pollen than in mixed-pollen pollinations ([@R64]). Likewise, interference among growing pollen tubes could occur if a tube grows into a stylar region already occupied by a previous tube, or if multiple tubes attempt to reach the same space/resources at once ([@R31]), indicating existence of a quantitative effect by number of pollen limiting tube growth.

Similar to our observation of homoploid pollen precedence, [@R73], observed that interspecific pollinations between two sister species of monkeyflowers (*Mimulus lewisii* Pursh, *M. cardinalis* Douglas ex Benth.) produced nearly 50% fewer seeds than intraspecific crosses, but in mixed-pollen pollinations of *M. cardinalis*, less than 25% of the progeny were hybrids. Koutecký & al. (2011) obtained the same pattern in diploid *Centaurea pseudophrygia* C.A.Mey and tetraploid *C. jacea* L., with lower success in hetero- compared to homoploid treatments, and mixed-ploidy pollination success closer to homoploid values, suggesting that pollen precedence may enhance reproductive isolation among ploidies. An example for a sexual-apomictic system was provided by [@R58], [@R59]), who studied fertilization of sexual diploids individuals by pollen of triploid apomicts in *Taraxacum* Wigg sect. *Taraxacum* (Syn: *T.* sect. *Ruderalia* Kirschner & al.), and observed that, when sexual diploid individuals received different mixtures of pollen of diploids and apomictic triploids, only diploid progeny was produced, suggesting homoploid pollen precedence.

Various non-exclusive mechanisms can explain pollen precedence. The gametophytically controlled SI system operative in the Rosaceae allows the female reproductive organ to discriminate self-pollen and, consequently, to reduce inbreeding ([@R11]; [@R44]; [@R26]; [@R33]). Interspecific reproductive barriers recognizing and rejecting interspecific pollen can be mechanistically linked to the SI system, suggesting a possible overlap and a partially shared genetic basis between both mechanisms of post-mating prezygotic female choice ([@R6]; [@R84]; [@R30]). In addition to selectively refusing pollen, ovules can be selective in attracting pollen ([@R81]). Such attraction was found to be related to SI: ovules of SI *Solanum* L. species attracted more conspecific pollen compared to SC species (see [@R50]). In *P. puberula* the SI system is functional in the sexual individuals (likely due to diploidization of its assumed allopolyploid genome: [@R22]) and they may well recognize heteroploid pollen, favouring homoploid fertilization.

The presence of heteroploid apomictic pollen reduced the reproductive success of sexual *Potentilla puberula* by means of two mechanisms: Firstly, the significantly lower seed set in the mixed-ploidy compared to the homoploid crosses suggests loss of progeny due to incompatible heteroploid fertilization. Thus, post-zygotic barriers prevent the development of egg cells fertilized by heteroploid pollen into a mature seed. Secondly, a considerable proportion of the progeny of sexuals (more than one-tenth of the developed embryos were derived from fertilizations by heteroploid pollen) was cytologically transformed despite the high degree of homoploid pollen precedence. In sexually derived seeds, such losses by transformation are considered to cause more serious effects than those resulting from endosperm imbalance in apomictically derived seeds, since apomicts are able to avoid cross-fertilization through selfing.

The impact of foreign pollen on the reproductive success may also depend on the phylogeographic history and the biogeographic context, because plants may evolve local adaptive mechanisms. [@R2] found that conspecific pollen performed better in terms of pollen tube growth in populations with historical contact of two *Clarkia* species compared to those without. In our case, sexual individuals of *P. puberula* from lowland regions in the south of the study area (region Raas/Fortezza and region Ossenigo/Scaiola), where mainly pure tetraploid populations occur, suffered from higher losses of seeds upon cross-fertilization. In these lower-elevation regions, seed yield from the mixed-ploidy crosses thus was significantly lower compared to the pooled crosses with homo- and heteroploid pollen, a difference that was not significant for the regions from higher elevations. This pattern may indicate that they are more sensitive to interactions with heteroploid pollen than sexual individuals at higher elevations in the north, where apomicts are more frequent.

Mentor effects, defined as the induction of self-fertilization of otherwise self-incompatible sexual plants upon co-application of self- and foreign pollen, are a protective mechanism to avoid cross-fertilization by both, other species and intra-specific cytotypes, including apomicts ([@R61]; [@R36]). In our study, the SI sexual pollen recipients were emasculated and, therefore, unintended selfing -- which we would not have been able to discriminate from homoploid cross-fertilizations without genotyping the progeny -- was prevented. Consequently, we are not able to quantify the relative role of pollen precedence vs. mentor effects based on our study design. However, mentor effects have already been totally disproven for the mixed-ploidy pollinations including heptaploids and were at least partly excluded for the pentaploids ([@R23]). Hence, yet there is strong evidence that pollen precedence acts as an alternative protection against cross-fertilization, and plays the dominant role as prezygotic barrier in *P. puberula*.

We analysed seed yield as a measure of reproductive success instead of the more commonly used seed set (i.e., ratio mature seeds to ovules). However, we could remove the inter-individual variation in the number of ovules since all treatments were performed in flowers of each pollen recipient. Still, it has to be assumed that there are no differences in the number of ovules among flowers of the same individual allocated to the different treatments. The absence of such a bias seems likely attributable to a random allocation of flowers for a sufficient number of individuals, underlined for *P. puberula* by [@R23], suggesting non-structured differences in base line seed set among individuals. However, even in case of a violation of the assumption of equal ovule numbers, it is parsimonious to presume that the rate of seed abortion, and hence the discrepancy between seed yield and seed set, would be higher in heteroploid than in homoploid crosses due to reproductive incompatibilities among ploidy levels. Actually, this would rather accentuate than weaken the higher reproductive success found in homoploid crosses, identifying our results as conservative concerning the uncertainties in the determination of reproductive success. Consequently, estimation of seed set would not necessarily increase the reliability of our results since it also rests on an assumption: namely, that the number of ovules and reproductive success does not differ between flowers used to count both ovules and mature seeds.

In conclusion, we found evidence for precedence of homo-over heteroploid pollen in *P. puberula.* However, a considerable proportion of the progeny of sexual plants was lost or transformed upon cross-pollination by their apomictic conspecifics. This likely affects their co-occurrence, because only a complete reproductive isolation avoids -- in the long run -- the competitive displacement of sexuals by apomicts, unless the former is favoured by other factors related to their reproductive system. In natural populations, the actual success of sexuals versus apomicts depends on a variety of decisive factors like the activity of additional reproductive barriers such as spatial isolation ([@R22]), shifts in flowering time, or assortative pollination, as well as the relative fertility and vigor of sexuals and apomicts. These factors need to be studied in concert with pollen precedence to allow for a quantitative assessment of the degree of pollen precedence necessary to allow a stable co-existence or even a competitive replacement of apomicts. Nevertheless, the observed precedence of homoploid pollen reduces the pressure upon the sexuals in mixed-ploidy populations.
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![Seed yield of 60 sexual tetraploid *Potentilla puberula* Krašan individuals crossed with pollen derived from sexual (i.e., homoploid) and apomictic (i.e., heteroploid) donor plants as well as with a mixture of both pollen types. Significant differences (*p* \< 0.001) were found for the comparison among all treatments.](emss-81461-f001){#F1}

![Flow cytometric sample histograms for *Potentilla puberula* Krašan seeds obtained from sexual tetraploid mother plants crossed with **(A)** a tetraploid sexual father, **(B)** a pentaploid apomictic father, **(C)** a heptaploid apomictic father, **(D)** a mixture of pollen of tetra- and pentaploid fathers, and **(E)** a mixture of pollen of tetra- and heptaploid fathers. Letters indicate the signals for the embryo (e), the endosperm (en) and the internal standard *Pisum sativum* (s). The embryo-to-standard fluorescence ratio was calculated for each seed. Indicated ratios of 0.142, 0.175 and 0.204 are representative for a pollination with (A) DNA-tetraploid, (B) DNA-pentaploid and (C) DNA-hexaploid donor plants. Accordingly, embryos in (d, e) are of heteroploid origin.](emss-81461-f002){#F2}

![Frequency distributions of embryo-to-standard fluorescence ratios observed for *Potentilla puberula* seeds obtained in fertilizations of tetraploid sexual mothers with **(A)** homoploid sexual tetraploid pollen donors **(B)** with pentaploid apomictic pollen donors, **(C)** with heptaploid apomictic pollen donors, **(D)** with a mixture of pollen from tetra- and pentaploid donors, and **(E)** with a mixture of pollen from tetra- and heptaploid donors. The three reference samples (A--C) were used to infer the paternity of seeds obtained from the mixed-ploidy pollinations. To differentiate between fertilizations by sexuals and apomicts, the upper (i.e., 97.5%) and lower (i.e., 2.5%) limit of the 95% confidence interval (given as dashed lines) of the homoploid and each of the two heteroploid reference samples, respectively, served as thresholds. Seed with a ploidy below (red bars) and above (blue and green bars) these limits were inferred as of homo- and heteroploid origin, respectively. In contrast, seeds having a ploidy in between the limits (white bars) could not be unambiguously inferred.](emss-81461-f003){#F3}

###### 

Reproductive success of sexual tetraploid *Potentilla puberula* Krašan individuals from five regions pollinated by homoploid and heteroploid pollen as well as a pollen mixture containing both, and open controls.

  Region             Treatment      Flowers pollinated   Flowers failed   Seed yield   Mean ± SD         Median
  ------------------ -------------- -------------------- ---------------- ------------ ----------------- --------
  Zabernig           Homoploid        14                     5               37         2.64 ± 3.10        1.5
                     Control          12                     6               86         4.77 ± 4.62        5.0
                     Heteroploid      14                     6               16         1.14 ± 1.35        1.0
                     Mixed-ploidy     17                   13                23         1.35 ± 3.02        0.0
                                                                                                         
  Obersteiner        Homoploid        37                     3              401        10.83 ± 8.18        9.0
                     Control          21                     5              212         8.15 ± 7.52        7.0
                     Heteroploid      24                     4              188         7.83 ± 8.09      10.0
                     Mixed-ploidy     46                     2              411         8.90 ± 6.20        8.5
                                                                                                         
  Ossenigo/Scaiola   Homoploid        29                   10               159          5.48 ± 6.84       5.0
                     Control          14                   11                80          3.20 ± 4.69       1.0
                     Heteroploid      58                   18               225          3.80 ± 5.42       2.0
                     Mixed-ploidy     68                   30               299          4.40 ± 7.04       1.5
                                                                                                         
  Raas/Fortezza      Homoploid        31                     0              343        11.06 ± 5.65      10.0
                     Control          13                     9              128           5.82 ± 10.10     1.0
                     Heteroploid      61                   12               289         4.74 ± 4.77        4.0
                     Mixed-ploidy   102                    15               715         7.01 ± 6.40        5.0
                                                                                                         
  Bodenalm           Homoploid        35                     1              470        13.43 ± 10.76       8.5
                     Control          17                     8              172          6.88 ± 10.78      2.0
                     Heteroploid      36                   10               212          5.88 ± 10.30      5.0
                     Mixed-ploidy     66                     8              676        10.24 ± 8.33        9.0

"Flowers failed" represent the number of flowers not producing a single seed. "Mean" and "Median" refer to the number of seed per flower.

###### 

Fixed effect estimates of zero-inflated Poisson Generalized Linear Mixed Models relating the seed yield of sexual tetraploid *Potentilla puberula* Krašan individuals to three pollination treatments applied in an ex situ crossing experiment.

  Region                                         Sample size     Pollen donors   Comparison of treatments   Estimate ± SE   *z* value   *p* value
  ---------------------------------------------- --------------- --------------- -------------------------- --------------- ----------- -------------
  Zabernig                                       45/7            8/11            homo ↔ hetero              --0.38 ± 0.16   --2.340       **0.019**
  mixed ↔ (homo, hetero)                         --0.26 ± 0.10     2.458           **0.014**                                            
                                                                                                                                        
  mixed ↔ homo                                     0.89 ± 0.52     1.720           0.085                                                
  mixed ↔ hetero                                   0.07 ± 0.54     0.140           0.886                                                
                                                                                                                                        
  Obersteiner                                    107/12          16/13           homo ↔ hetero              --0.12 ± 0.13   --0.884       0.376
  mixed ↔ (homo, hetero)                         --0.02 ± 0.06   --0.401           0.689                                                
                                                                                                                                        
  mixed ↔ homo                                     0.20 ± 0.22     0.906           0.365                                                
  mixed ↔ hetero                                 --0.04 ± 0.23   --0.180           0.857                                                
                                                                                                                                        
  Ossenigo/Scaiola                               155/12          14/43           homo ↔ hetero              --0.41 ± 0.09   --4.350     **\<0.001**
  mixed ↔ (homo, hetero)                         --0.02 ± 0.06   --0.273           0.784                                                
                                                                                                                                        
  mixed ↔ homo                                     0.45 ± 0.21     2.137           **0.032**                                            
  mixed ↔ hetero                                 --0.36 ± 0.18   --1.951           0.051                                                
                                                                                                                                        
  Raas/Fortezza[a](#TFN3){ref-type="table-fn"}   194/12          16/39           homo ↔ hetero              --0.39 ± 0.06   --6.417     **\<0.001**
  mixed ↔ (homo, hetero)                         --0.05 ± 0.03   --1.380           0.168                                                
                                                                                                                                        
  mixed ↔ homo                                     0.55 ± 0.13     4.334         **\<0.001**                                            
  mixed ↔ hetero                                 --0.24 ± 0.13   --1.913           0.055                                                
                                                                                                                                        
  Bodenalm                                       137/12          18/12           homo ↔ hetero              --0.26 ± 0.11   --2.444       **0.014**
  mixed ↔ (homo, hetero)                           0.05 ± 0.05     1.204           0.228                                                
                                                                                                                                        
  mixed ↔ homo                                     0.09 ± 0.15     0.611           0.541                                                
  mixed ↔ hetero                                 --0.43 ± 0.19     --2.21          **0.027**                                            

"Sample size" refers to the number of pollinated flowers/number of pollen recipient plants. "Pollen donors" indicate the number of sexual/number of apomictic individuals used for the pollinations. The first treatment given in each comparison was used as baseline. Significant differences (α = 0.05) between the treatments are highlighted by bold *p*-values.

For the Raas/Fortezza region the zero-inflation term was removed from the model due its non-significance and a numerical problem.

[^1]: **Associate Editor:** Elvira Hörandl
